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Abstract:   
Composites of two hot melt adhesives based on co-polyamides, one high viscosity 
(coPA_A) the other low viscosity (coPA_B) and, multi-walled carbon nanotubes 
(MWCNTs) were prepared using twin-screw extrusion via dilution of masterbatches. 
Examination of these composites across the length scales confirmed the MWCNTs were 
uniformly dispersed and distributed in the polymer matrices, although some micron size 
agglomerations were also observed. A rheological percolation was determined from 
oscillatory rheology measurements at a mass fraction of MWCNTs below 0.01 for 
coPA_B and, between 0.01 and 0.02 for coPA_A. Significant increases in complex 
viscosity and storage modulus confirmed the ‘pseudo-solid’ like behaviour of the 
composite materials. Electrical percolation, determined from dielectric spectroscopy was, 
found to be at 0.03 and 0.01 MWCNT mass fraction for coPA_A and coPA_B based 
composites, respectively. Addition of MWCNTs resulted in heterogeneous nucleation 
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and altered the crystallization kinetics of both copolymers. Indirect evidence from contact 
angle measurements and surface energy calculations confirmed that MWCNT addition 
enhanced the adhesive properties of coPA_B to a level similar to coPA_A.     
   
1.  Introduction 
 There continues to be intense research interest in the preparation and properties of 
composites of polymers and multi-walled carbon nanotubes (MWCNTs) in the 
anticipation that the addition of MWCNTs to polymer matrices will result in the 
development of functional composite materials with new industrial applications. 
MWCNTs mainly due to their excellent mechanical properties, electrical and thermal 
conductivity combined with relatively low density offer great potential for the 
exploitation of MWCNT filled polymers in electronic, automotive, aerospace and 
bioengineering applications 1. Many thermoplastic polymers have been filled with 
MWCNTs using various preparation techniques including, in-situ polymerization 2, 
calendaring 3, solution mixing methods 4, spinning 5 and melt mixing 6-17, the latter 
because this process has widespread use in industry.  
Within melt mixing methods, two routes are possible. The first is direct mixing of 
powder MWCNTs with the polymer, second by dilution from a highly concentrated 
masterbatch by the neat polymer to the desired MWCNT loading. These methods differ 
in the ultimate level of MWCNT dispersion and distribution achievable. In the first route, 
primary MWCNT agglomerates are introduced to the polymer first via wetting, then 
infiltration (by the polymer macromolecules),  rupture and/ or erosion due to the 
destruction of MWCNT agglomerates by breaking into smaller sizes and possibly to 
3 
 
sections of single nanotubes 6. The masterbatch route includes the dilution of a 
masterbatch with a high concentration of MWCNTs by the same polymer as used in the 
masterbatch to produce composites with lower MWCNT concentrations. In general, 
better dispersion is achieved for high concentration filled (nano)composites (masterbatch) 
due to the favourable shear forces employed during melt-mixing,7 although this has been 
poorly studied for most polymer nanocomposites. After dilution the MWCNT dispersion 
is improved but still some MWCNTs agglomerates remain in the composite material 8. 
From a technical and practical point of view, the masterbatch route is safer because it 
excludes the use of powder MWCNTs and eliminates potential environmental and health 
and safety hazards 9. Many processing parameters associated with the melt-mixing 
process have an effect on the different states of MWCNTs dispersion and distribution in 
polymer matrices, all governing the final properties of the (nano)composite material. 
These include: i) polymer structure (melt viscosity, molecular weight, ratio of amorphous 
to crystalline content) 10 ii) processing conditions (temperature profile, screw velocity and 
configuration, mixing time, feeding conditions 11-13 and iii) CNT type (geometry, 
functionality, purity) 13. All these factors influence the value for rheological and electrical 
percolation threshold which are related to the restriction of polymer chain mobility by 
MWCNTs and the formation of an interconnected CNT-CNT conductive network 14. For 
most thermoplastic based (nano)composites, fabricated by melt-mixing, the electrical 
percolation threshold is attained typically between 1 wt% and 5 wt% MWCNTs 15, 
although values as low as 0.07 vol% have been reported for melt mixed systems 16.  
In contrast, low molecular weight hot melt adhesives (HMAs) filled with MWCNTs 
have received much less attention. From the reviews 20-21, the number of publications on 
these materials, in particular those prepared from hot melts, is very limited.  Mostly, 
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adhesives based on thermo-cured epoxy and MWCNTs have been described in                  
literature 22-23. In the case of thermoplastic HMAs with CNTs,  poly(urethane)s 17 and 
poly(olefin)es 18 based systems have been investigated.  
HMAs are not typical homo-polymers but are random polymer blends having low 
melting points and good adhesive properties 19. Therefore, they should be considered 
separately from common composites of homo-polymers and MWCNTs as the effect of 
MWCNTs on their properties are different 20. They are used in the textile industry to 
produce non-wovens for surface finishing and inter-leaf materials in carbon fibre 
reinforced polymers (CFRP), for instance for the aeronautical sector 21. It has been shown 
that thermoplastic fabrics and fibres made of neat HMAs can improve the fracture 
toughness of CFRP 30-31. Beyond improvements in mechanical properties, there is also 
the possibility to enhance the electrical properties of CFRP, currently a topical research 
area. Hence, the formation of fabrics or fibres made of HMAs doped with CNTs is 
industrially attractive 22. For this application, we selected commercially available hot melt 
co-polyamides (coPAs) designed for use in the manufacturing of fibrous materials which 
could be applied as reinforcement for CFRP.  
In this paper, we describe, for the first time, the rheological behaviour and electrical 
properties of two types of hot melt coPAs mixed with MWCNTs. A masterbatch route 
was selected for coPA-MWCNT composite production. A critical examination of the 
rheological and electrical properties of the composites and their relationship with 
morphology and indirectly, the resultant impact on adhesive properties is presented.  
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2. Experimental section 
2.1. Materials 
Two commercial hot melt coPAs, trade names Griltex®D1330A (coPA_A) and 
Griltex®2A (coPA_B) having different melt viscosities and produced by EMS Griltech, 
Switzerland were used in this study. The multi-walled carbon nanotubes used (MWCNTs, 
NC 7000, Nanocyl, Belgium) were produced by catalytic carbon vapour deposition with 
purity >95% and average diameter (d) of 9.5 nm and length of 1.5 µm. A 7wt% MWCNT 
masterbatch of both coPA was supplied as pellets by Nanocyl and diluted to 
concentrations of 1, 2, 3, 4, 5 and 6 wt% MWCNTs. This was achieved using a conical 
twin screw co-rotating mini-extruder (HAAKE MiniLab, Thermo Scientific) having a by-
pass cycle which permits the mixing of components for a defined mixing time. The 
influence of temperature and screw velocity is not in the scope of this paper therefore, all 
materials were processed using the same conditions. The processing temperature was in 
the range 160-170 °C, the screw velocity was set to 80 rpm and a total mixing time fixed 
at 7 mins. Samples for further testing and characterisation were prepared using a HAAKE 
MiniJet injection moulding machine (Thermo Scientific, Germany). Successful 
mouldings were achieved using a barrel temperature of 210 °C, a mould temperature of 
50 °C, a first pressure of 500 bar and a post-injection pressure of 400 bar. The masterbatch 
and neat coPAs were dried at 80 °C for 12 h prior to being compounded with the 
MWCNTs. 
2.2. Material and Composite Characterisation 
Solution NMR samples were prepared at 20 wt% in a solvent mixture of                                 
2,2,2-trifluoroethanol (TFE) and CDCl3 (80:20 respectively), according to the procedure 
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of Davis et al.1 1H NMR spectra were recorded on a Bruker DPX-400 spectrometer 
operating at a frequency of 400.05 MHz and 13C NMR spectra were recorded on the same 
instrument at 100.59 MHz (512 scans, 4 s relaxation time, 298.2 K). 
The distribution and the dispersion of the MWCNTs in the composites were analysed 
by light microscopy and Transmission Electron Microscopy (HR STEM Hitachi S5500) 
at a voltage of 30kV. Thin slices of each composite material of 80-90nm thickness were 
micro-tomed (UM6 ultra-microtome, Leica Mirosystem Germany) from injection 
moulded samples in the injection direction. The cutting process was performed with 
diamond knives at a temperature of 100 °C with a cutting speed of 1 mm/s. The optical 
micrographs of the 1 wt% and 7 wt% MWCNT-filled co-polyamides were analysed using 
image software (ImageJ) in order to assess the macro-state of MWCNT dispersion. 
Agglomerates with an area below 1μm were rejected from the analysis, as classically 
inclusions greater than 1μm act a stress concentration points in polymers. The mean 
diameter of the MWCNT agglomerates was calculated from multiple images.   
Rheology measurements were performed on a MARS III oscillatory rheometer 
(Thermo Scientific, Germany) using a parallel plate geometry (gap width=2 mm) at                     
200 °C. Firstly, the amplitude sweep test was carried out to find the linear elastic range 
for neat and MWCNT filled co-polyamides. The upper value of strain amplitude just prior 
to the reduction in moduli was chosen for the stress-controlled rotational measurements.  
The rheological measurements of all materials were conducted for a frequency sweep 
between 0.1-100 rad/s. 
Dielectric spectra were recorded at room temperature (RT). The complex dielectric 
permittivity, ε* was measured with a LCR HP4284A meter (Keysight Technologies, 
USA) and, the equivalent electrical circuit was selected as the capacitance and the tangent 
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of losses connected in parallel. From these quantities, according to the planar capacitor 
formula, the complex dielectric permittivity was calculated. Silver paste was used to 
minimise contact resistance. The amplitude of the AC electric field was selected as 1V, a 
meaningful voltage typically used to assess electrical conductivity in bulk samples. It 
gives the best signal to noise ratio in comparison with lower voltage values and avoids 
non-linear dielectric effects, which were observed at higher voltages (the typical thickness 
of the sample was 1 mm) 23.  The electrical conductivity, σ was calculated according to 
equation σ=2πνε0ε*, where ω=2πν and ν is the measurement frequency. 
Thermal properties of neat coPAs and their composites were examined using DSC                   
(Q-1000 (TA Instruments, USA). 9mg of each material was placed in an aluminium 
hermetic crucible and then the heat-cool-heat program was applied in a nitrogen 
atmosphere and with a scan rate 10°C/min. The crystalline content was not calculated as 
this is not directly possible as there is a contribution to the melting endotherms from more 
than one Nylon. The value for a theoretically 100% crystalline coPA_A or coPA_B 
required to determine crystalline content is not known. Therefore, the enthalpy of fusion 
measured which is directly related to the overall crystalline content, was used to study the 
effect of MWCNTs on the crystal phase in coPAs.   
Contact angle measurements were made on injection molded bars using a goniometer 
DataPhysic OCA 15EC (DataPhysics Instruments GmbH, Germany) equipped with a 
camera. Contact angles were measured at a minimum of five places on each sample and 
then the average value calculated. The measurements were performed using water as a 
liquid at RT. From left and right measured contact angles of a droplet the software 
calculated the average surface energy using an equation of a state.  
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3. Results and discussion 
In the first instance, we attempted to study and understand the co-polymer composition 
of the two proprietary coPAs used in this study. Neat coPA_A and coPA_B were prepared 
for NMR analysis and subsequently analysed using the procedure outlined by Davis et al. 
for characterization of unknown poly(amide) homo-polymers and co-polymers 24. 
Unfortunately, the 13C NMR data obtained included multiple peaks in the aliphatic region 
which do not correspond to those described in the Davis procedure nor could be identified 
from the published literature. However, the data does permit an estimation of some of the 
co-monomers used to create these co-polymers. It is important to know co-polymer 
composition as addition of MWCNTs to Nylons is known to have a strong nucleating 
effect on the polymer, alter crystallisation kinetics and content and potentially alter the 
adhesive properties of the coPAs 22-23. Based on the 13C NMR data, and focusing in 
particular on the aliphatic region (see Figure 1) coPA_A was found to contain                                  
trans-Nylon 6 and at least one other type of Nylon that is not Nylon 6; 6,6; 6,9; 6,10; 6,12; 
11; 12 or caprolactam. There are also no peaks in the aromatic region of the 1H NMR data 
obtained for coPA_A. 
The 13C NMR spectrum for coPA_B differed markedly from that for coPA_A (see 
Figure 2). It is clear from the data that this sample contains trans-Nylon 6 and also                                  
trans-Nylon 6,6 as well as the same unknown Nylon identified in coPA_A. There are also 
peaks in the spectrum consistent with at least one other species which may or may not be 
a poly(amide) and is certainly not Nylon 6; 6,6; 6,9; 6,10; 6,12; 11; 12 or caprolactam. 
These could be associated with plasticizers, waxes and others resins present in the blend, 
detail not made readily available by the resin producer. 
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The extent of MWCNT dispersion and distribution in the hot melt coPAs was 
investigated using light optical and HRTEM microscopy, see Figures 3, 4 and 5. By way 
of example, the images and analysis for composites of 7 wt% and 1 wt% MWCNTs filled 
coPAs are presented. Ideally, the MWCNT agglomerates should be broken up by erosion 
and/or rupture 6. However, this is difficult to achieve and the physical properties of 
polymer and mixing technique employed play a major role in achieving effective 
MWCNTs dispersion 11. Here, extrusion was utilised and even with the application of 
relatively high shear forces the MWCNTs at the highest loading (7 wt%) were not well 
dispersed in both polymer matrices, see Figure 3 a and b. MWCNT agglomerates of 
different sizes, some as large as 60µm were observed, those in coPA_B were generally 
larger than those observed in coPA_A. At lower MWCNTs loadings, e.g. 1 wt%, see 
Figure 3 c and d, the macro-dispersion in coPA_A and coPA_B was much better. 
Significantly, fewer of the large MWCNT agglomerates were observed. At this length 
scale it is not possible to confirm in which coPA the MWCNT dispersion is best. It is now 
well established that mixing of MWCNTs into polymers via melt mixing results 
incomplete breakage of MWCNT agglomerates however, from Figure 3 c and d the 
MWCNT dispersion and distribution in both co-polyamides is relatively homogenous 
with much fewer agglomerates 6. 
The distribution of MWCNT agglomerate size in both coPAs was assesed using image 
analysis of the optical photographs obtained. Exhaustive inspection and analysis of 
multiple images was performed and histograms generated showing the relationship 
between the number of agglomerates and mean agglomerate diameter in µm, see                         
Figure 4. It is clear for both coPAs that at high MWCNT loading (7wt%) a broad 
distribution of agglomerate sizes are observed with maximum diameter up to 50μm, for 
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less viscous coPA_B. After dilution to 1wt% MWCNTs, for coPA_A, the maximum 
MWCNT agglomerate size was around 10μm. For the composite of coPA_B and                              
1 wt% MWCNTs, the maximum mean MWCNT agglomerate was slightly larger, 
typically 15µm.  These observations reflect the fact that during the secondt extrusion step 
the MWCNT agglomerates are destroyed leading to better dispersion and distribution of 
MWCNT in in polymer melts. It has been observed, that dilution of a 15 wt% MWCNT 
polypropylene masterbatch by twin screw extrusion results in better MWCNT dispersion 
and distribution in the PP matrix 25. For the composites described here, melt viscosity also 
plays a role in determining the extent of MWCNT dispersion, as the coPA_A has a higher 
viscosity than coPA_B which contributes to higher shear forces acting on and  breaking 
the MWCNT agglomerates into smaller sizes 26.  
Further assessment of the extent of MWCNT dispersion in both coPAs matrices was 
investigated using HRTEM imaging. Figure 5 shows the level of MWCNT dispersion in 
both coPA masterbatches, i.e. with 7 wt% MWCNTs. At this magnification, the 
MWCNTs are highly dispersed and agglomerates not observed. The MWCNTs, as 
expected are, more densely packed at higher loadings. Similar states of dispersion were 
obtained when a 15 wt% MWCNT-polycarbonate masterbatch was diluted to 1 wt% 
MWCNTs using a similar melt mixing method employed in this work 27. From                       
Figure 5 c) and d), there is strong evidence to suggest the MWCNTs are oriented in the 
direction of material flow during injection molding. This can lead to a lower probability 
of CNT-CNT interaction and resulting in little or no change in electrical conductivity of 
the matrix polymer 26. 
The extent of MWCNT dispersion was also studied by examining the rheological 
behaviour of the hot melt coPA composites from oscillatory rheology measurements on 
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injection molded samples. It is well known that when CNTs are well dispersed and form 
an inter-connected network in a polymer matrix the  composite material behaves responds 
more like a solid 34, 35. Figures 6 and 7 show the variation in storage modulus (Gʹ), loss 
modulus (Gʺ) and complex viscosity (η*) as a function of frequency for coPA_A and 
coPA_B and composites of both with up to 7 wt% MWCNTs, respectively. At low 
frequencies and, for both coPAs systems, the viscosity increased by 4 to 5 orders of 
magnitude on MWCNT addition, confirming the formation of a percolated network of 
MWCNTs 14. The unfilled coPAs behave as non-Newtonian liquids as their viscosity is 
not dependent on frequency over the range examined. The viscosity curve for the 
composite of coPA_A and 1 wt% MWCNTs is almost independent of frequency, similar 
to that for neat coPA_A. In contrast, for the composite of coPA_B and 1 wt% MWCNTs 
a ten-fold increase in η*was observed relative to neat coPA_B. Further addition of 
MWCNTs to both coPAs resulted in an increase in η*. This suggests that a rheological 
percolation threshold between 1 wt% and 2 wt% MWCNTs when added to coPA_A and 
between 0 and 1 wt% MWCNTs when added to coPA_B. These values are similar to 
those for hot melt poly(olefin)s filled with 2.5 wt% MWCNTs (also NC 7000, Nanocyl) 
reported by Pötschke et al. in which a rheological percolation threshold was recorded at 
0.75 wt% MWCNTs 29. The difference in the melt viscosity of coPA_B and coPA_A, the 
former about two times lower than the latter may allow the MWCNTs to be more easily 
mixed in the polymer matrix achieving rheological percolation at lower MWCNT content. 
The influence of polymer melt viscosity on MWCNT dispersion and distribution and thus 
electrical conductivity has been reported for common thermoplastic polymers 10 and, will 
be discussed further below. 
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The large increase in complex viscosity of both coPAs on MWCNT addition was  
concomitant with a significant increase in storage modulus (Gʹ) 30, by 5 orders of 
magnitude. From figures 6 and 7, the higher the MWCNT loading the higher Gʹ within 
the whole frequency range examined for both types of hot melt coPAs. The variation in 
Gʹ as a function of frequency maps that seen with η*, further evidence for rheological 
percolation between 1 wt% and 2 wt % MWCNTs for coPA_A and below                                   
1 wt% MWCNTs for coPA_B. For PU based HMA, the rheological percolation threshold 
was found between 2 to 4 wt% MWCNTs at 100 °C 17. In turn for higher MWCNT content 
the differences between the Gʹ curves are smaller because the network of nanotubes which 
has already been created disturbs less the motion of the polymer chains under shear 31. 
When the values of Gʹ and Gʺ are compared, it can be found that for both coPAs Gʺ is 
higher than Gʹ, the inverse to that obtained for the nanocomposites, i.e. Gʺ is lower than 
Gʹ. The elastic behaviour (expressed by Gʹ) predominates the viscous one, behaviour 
regularly observed for other CNT filled thermoplastic polymers, for instance 
polypropylene 32, polystyrene 33, poly(methyl methacrylate) 34 and polycarbonate 35 and 
the composites respond more like a solid. Although the oscillatory rheology 
measurements were performed at 200 ºC, the significant increase in melt viscosity 
obtained for both coPAs on addition of MWCNTs may impact the application of these 
adhesives to other materials. 
Further confirmation of rheological percolation was determined from examining Cole-
Cole plots, i.e. the logarithmic dependence between Gʹ versus Gʺ, see Figures 6 c) and               
7 c). It can be seen that with increasing Gʺ, Gʹ increased. A deviation from a linear 
relationship between Gʺ and Gʹ is characteristic of the onset of percolation on addition of 
MWCNTs 30. After addition of the MWCNTs the curves deviated from the curve for the 
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neat unfilled coPAs. However, in the case of coPA_A the curve deviate at some MWCNT 
loading between 2 wt% and 3 wt% MWCNTs (i.e. percolation is attained at some loading 
between 2 wt% and 3wt% MWCNT inclusion). However, for coPA_B deviation was 
obvious below 1 wt% MWCNT addition. This might be expected given the melt viscosity 
of coPA_B is about 10 times less than coPA_A. For both systems, addition of relatively 
low MWCNT loading hinders polymer chain dynamics.    
The frequency dependence of dielectric permittivity and electrical conductivity (AC) 
for composites of coPA_A hot melt and MWCNTs is shown in Figure 8. The dielectric 
permittivity and the electrical conductivity of pure coPA_A matrix is quite low (less as 8 
and 10-8 S/m, respectively, at 129 Hz frequency), as expected. For the composites of 
coPA_A and 1 wt% MWCNT inclusions the dielectric and electric properties are similar 
to the unfilled matrix properties, no frequency independent (DC) conductivity was 
observed at low frequencies. In contrast, for composites with addition of 3 wt% 
MWCNTs to coPA_A, at low frequencies the frequency independent plateau was 
observed and values for dielectric permittivity are high (higher than 103). Hence, we 
assume that the electrical percolation threshold is close to 3 wt% MWCNTs for coPA_A 
hot melt based composites. By coincidence, this is a similar MWCNT loading at which 
rheological percolation was obtained for these composites. 
The frequency dependence of dielectric permittivity and electrical conductivity for the 
coPA_B hot melt and composites with MWCNTs is shown in Figure 9. For these samples, 
the DC conductivity plateau was observed for the composites with 1 wt% MWCNT 
addition, therefore the percolation threshold is close (however below) 1 wt% MWCNTs. 
This suggests the composites based on coPA_B have a lower electrical percolation 
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threshold than the coPA_A based composites. In comparison, an electrical percolation 
threshold at 0.75 wt% MWCNTs has been reported for HMA based on poly(olefin)s 18. 
The electrical percolation threshold can be obtained from the MWCNT concentration 
dependence of dielectric permittivity and electrical conductivity at a fixed frequency                   
(129 Hz), see Figure 10. Indeed, a clear step jump was observed close to the percolation 
threshold in the concentration dependence of the dielectric permittivity and the electrical 
conductivity. According to the excluded volume theory electrical percolation is inversely 
proportional to the diameter/length (aspect ratio) of CNTs 36. However, usually 
composites comprise individual, perfectly dispersed MWCNTs as well as MWCNTs 
agglomerates.  
The percolation threshold of these composites can be estimated from equation 1;  
     𝑓𝑐 = 𝑣𝜑𝜋 + (1 − 𝑣)27𝜋/4𝑝
2  (1) 
where φ is the localized volume content of MWCNTs in an agglomerate, and υ is the 
volume fraction of agglomerated MWCNTs 37. Therefore, the difference of the 
percolation threshold values in the composites with the different coPAs can be explained 
by the different levels of MWCNT dispersion and distribution in both polymer matrices. 
In our study, the values for electrical percolation threshold are slightly higher than 
those for rheological percolation. The differences in the electrical properties can be 
related not only to MWCNT agglomerate size and dispersion but to the changes in the 
coPA crystalline content after MWCNT addition. Generally, it should be noted that 
addition of CNTs can alter crystallization kinetics and the crystalline content of polymers, 
including polyamides 38,39,40,41,42,43. 
Thus, the effect of MWCNT addition on the thermal properties of both coPAs and 
composites were investigated using DSC, see Figures 11, 12 and 13. A heating/cooling 
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regime of heat-cool-reheat was adopted to remove the thermal history from the samples 
as a consequence of melt mixing process and, the various thermal properties were 
determined form the resulting thermograms and their values listed in Table 2. 
Examination of both sets of samples post processing (i.e. first heating), revealed 
interesting behaviour. For both coPA_A and coPA_B two processes were obtained, see 
Figure 11. Firstly, a glass transition (Tg) at about 46 ºC for coPA_A, typical of the Tg of 
Nylon 6 and, a melting endotherm (Tm) with a peak maximum at 123 ºC were observed. 
On addition of MWCNTs up to a loading of 6 wt%, the Tg process became more rounded 
resembling that of a gel and increasing in temperature by about 10 ºC up to 55 ºC. 
Interestingly, when the MWCNT loading was increased further to 7 wt%, this low 
temperature process was resolved in to two Tg’s the first centered at about 51 ºC, the 
second at 75 ºC, perhaps associated with Nylon 6 and Nylon 6,6, for coPA_B but 
associated with Nylon 6 and another unassigned Nylon for coPA_A. The Tm maxima 
increased by around 8°C, but the enthalpy associated each decreased with increasing 
MWCNT inclusion, from 66 J/g for unfilled coPA_A down to 32 J/g for the composite 
with 7 wt% MWCNTs, i.e. the crystalline content decreased by just over half. For 
coPA_B, a clear Tg was obtained at about 70 ºC, typical of Nylon 6,6 and again a melting 
endotherm, but with a slightly lower Tm (121 ºC) compared with coPA_A (129 ºC). There 
is also some evidence for a second Tg at about 46 ºC and clear evidence for cold 
crystallization for coPA-B with a process centered at 95 ºC. On addition of MWCNTs up 
to 6 wt%, it appears that perhaps a single broad process could be two Tg’s overlapped 
which are then resolved when 7 wt% MWCNTs were added into two single Tg’s, one at 
about 53 ºC, the other at about 82 ºC. 
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The DSC traces of the samples obtained upon cooling showed different features. In 
the temperature range examined, no thermal processes were seen for unfilled coPA_A, 
see Figure 12 b). However, for the composites of coPA_A with MWCNTs, a very broad 
process was observed, typically with an onset temperature at about 80 ºC extending up to 
120 ºC, but with maxima which increased with increasing MWCNT loading, reflecting 
the heterogeneous nucleating effect of MWCNTs for the crystalline fraction of coPA_A. 
Similarly, for unfilled coPA_B, no features were observed in the DSC trace upon cooling, 
see Figure 13 b). Addition of MWCNTs to coPA_B also resulted in nucleating this co-
polyamide however, a sharper exotherm centred at about 84 ºC was obtained compared 
with that for coPA_A. Upon 2 wt% or greater MWCNT inclusions the evolution of a 
second exotherm at higher temperatures (̴ 95 ºC), initially as a shoulder, was obtained. 
Unlike for coPA_A where an increase in crystalline content was obtained on MWCNT 
addition, the crystalline content of the coPA_B composites, allowing for instrument error 
was similar. Clearly, the MWCNTs are nucleating these coPAs, but more so coPA_B. 
The splitting of the exotherms has previously been assigned to morphological 
modifications as opposed to a second crystal polymorph 39. 
  The DSC traces for the second heating cycle (see Figures 12 a) and 13 a)) for both 
sets of composites, displayed a broad (from 110 ºC to 150 ºC) single transition for the 
coPA_A systems centered at about 132 ºC but a much sharper (115 ºC to 135 ºC) 
endotherm for the coPA_B systems, with a maximum at about 126 ºC. However, for the 
coPA_B composites a second broad process (85 ºC to 105 ºC) was also observed. The 
breadth of the temperature ranges for these endothermic processes for both sets of 
composites and any effects MWCNT addition has on them is important with regard the 
application of these HMAs in practice. 
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The results presented clearly showed that addition of MWCNTs to coPA_A and 
coPA_B altered the thermal and rheological properties of these coPAs. We also showed 
a random dispersion and distribution of the MWCNTs in both polymer matrices. 
Intuitively, it would then be expected that the MWCNT inclusions would also affect the 
surface properties of these coPAs and de facto their adhesive properties. Contact angle 
measurements were performed on all samples and the respective surface energies 
calculated, both are listed in Table 3. Indirectly, these parameters can be used to assess 
the effect of MWCNT addition on the adhesiveness of both coPAs. Firstly, it is clear that 
the surface energy of coPA_B is much less than that for coPA_A, presumably a 
consequence of the differences in the co-polymer composition of each. Second, the 
addition of MWCNTs to coPA_A resulted in a modest change in contact angle and 
surface energy. In contrast, addition of MWCNTs to coPA_B gave a significant decrease 
in contact angle and increase in surface energy. Indeed, the inclusion of 2 wt% MWCNTs 
to coPA_B gave very similar contact angle and surface energy values to unfilled coPA_A 
and its composites with MWCNTs, see Table 3. Addition of MWCNTs renders the 
surface of coPA_B more hydrophilic and the increase in surface energy obtained is a 
measure of increased attractive forces, which promotes adhesion. Thus, the wettability of 
coPA_B has been significantly altered by MWCNT addition, see Figure 14, and the 
increase in wettability and surface energy implies the adhesive properties of coPA_B have 
been improved to a level comparable to unfilled coPA_A with even 2 wt% MWCNT 
inclusion.                
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Conclusions 
Two types of hot melt coPA filled with 7 wt% MWCNTs and then diluted to lower 
MWCNT loadings were prepared using a twin-screw extruder. Incorporation of higher 
MWCNT loadings into both coPAs resulted in smaller agglomerate sizes, although 
agglomerates having diameters up to 35m in coPA_A and 50m in coPA_B were 
observed. Interestingly, dilution of both masterbatches to 1 wt% resulted in a larger 
number of smaller agglomerates with diameters typically below 20m but some up to 
70m, the latter related to re-agglomeration of MWCNTs during the dilution step. 
Rheological percolation was found between 1 wt% and 2 wt% and below 1 wt% 
MWCNTs for coPA_A and coPA_B, respectively, as the mobility of polymer chains are 
greater for the less viscous coPA_B. Unsurprisingly, electrical percolation was achieved 
at approximately 1 wt% MWCNTs in coPA_B while for coPA_A at about 3 wt% 
MWCNTs. The differences in electrical properties between the MWCNT filled coPAs 
are related to both the level of MWCNT dispersion and distribution but also to changes 
in the crystalline phase of both coPAs due to MWCNT addition. Thermal analysis 
confirmed that the MWCNTs act as heterogeneous nucleating agents leading to a slight 
increase in crystalline phase content for coPA_A. Most importantly, the adhesive 
properties of both coPAs as extracted from contact angle measurements and surface 
energy calculations showed that addition of MWCNTs significantly altered the adhesive 
properties of coPA_B.  
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Figure 1: 13C NMR spectrum for coPA_A. 
 
 
Figure 2: 13C NMR spectrum for coPA_B. 
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Figure 3: Light microscopy images of  composites of a) coPA_A + 7wt% MWCNTs, b) 
coPA_B + 7wt% MWCNTs, c)  coPA_A + 1wt % MWCNTs and d) coPA_B + 1wt% 
MWCNTs (D). 
 
 
 
a b 
c d 
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Figure 4: MWCNT agglomerate size distribution of  composites of a) coPA_A and b) coPA_B 
with 7wt% MWCNTs and, c) coPA_A and d) coPA_B with 7wt% MWCTs. (Standard 
deviations (s) are inset in each figure) 
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Figure 5: HRTEM micrographs of both masterbatcheses, a) coPA_A and 7wt% MWCNTs, and 
b) coPA_B and7wt% MWCNTs and, images taken from injection moulded samples of                                           
c) coPA_A and 1wt% MWCNTs and d) coPA_B and 1wt% MWCNTs. 
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Figure 6: Variation in a) Gʹ, b) Gʺ and c) complex viscosity (η*) as a function of frequency and 
d) Cole-Cole plot. 
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Figure 7:  Variation in a) Gʹ, b) Gʺ and c) complex viscosity (η*) as a function of frequency and 
d) Cole-Cole plot. 
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Figure 8: Frequency dependence of dielectric permittivity and electrical conductivity (AC) for 
composites of coPA_A and MWCNTs 
 
 
Figure 9: Frequency dependence of dielectric permittivity and electrical conductivity (AC) for 
composites of coPA_B and MWCNTs 
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Figure 10: Concentration dependence of the dielectric permittivity and the electrical 
conductivity at 129 Hz in two types of hot melt copolyamides doped with MWCNT. 
 
 
Figure 11. DSC first heating curves for (a) coPA_A based nanocomposites and (b) coPA_B 
based nanocomposites 
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Figure 12. DSC (a) second heating and (b) cooling curves for unfilled coPA_A and composites 
of coPA_A and MWCNTs. 
 
Figure 13. DSC (a) second heating and (b) cooling curves for unfilled coPA_B and composites 
of coPA_B and MWCNTs 
35 
 
 
Figure 14. Images taken during contact angle measurements showing the effect of MWCNT 
addition on the wettability of the unfilled and MWCNT filled co-polyamides. 
 
 
 
 
 
 
 
Table 1. General properties of the co-polyamides used in the study. 
Co-polyamide 
(tradename) 
Sample designation Melt viscosity [Pa*s]                   
160°C/2.16kg 
Tm [°C] 
Griltex®D1330A coPA_A 1200 125-135 
Griltex®2A coPA_B 600 120-130 
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Table 2. Thermal properties of coPA_A, coPA_B and composites of both co-polyamides with 
MWCNTs, from DSC measurements.  
 1st heating 2nd heating Cooling 
 Tg [°C] Tm [°C] ΔHm[J/g] Tm [°C] ΔH [J/g] Tc  [°C] 
coPA_A neat 46.1 129 64.1 128 31.8 --- 
coPA_A+1wt%MWCNTs 48.5 130 41.1 132 32.3 86.7 
coPA_A+2wt%MWCNTs 47.5 128 41.2 128 48.8 88.1 
coPA_A+3wt%MWCNTs 48.1 127 42.3 129 46.8 90.2 
coPA_A+4wt%MWCNTs 48.6 130 39.2 132 32.8 91.3 
coPA_A+5wt%MWCNTs 47.6 130 34.2 133 29.8 90.9 
coPA_A+6wt%MWCNTs 48.8 131 34.5 133 34.1 93.8 
coPA_A+7wt%MWCNTs 51.4 
75.8 
131 32.3 133 29.0 93.1 
       
coPA_B neat 70.6 121 51.9 124 40.4 --- 
coPA_B+1wt%MWCNTs 46.2 120 42.1 126 25.4 84.7 
coPA_B+2wt%MWCNTs 46.5 121 42.9 126 23.2 84.5 
coPA_B+3wt%MWCNTs 46.8 121 42.7 126 21.9 84.4 
coPA_B+4wt%MWCNTs 46.9 122 39.0 126 19.6 84.0 
coPA_B+5wt%MWCNTs 48.1 121 38.7 126 17.3 83.8 
coPA_B+6wt%MWCNTs 51.8 123 32.3 126 17.3 83.5 
coPA_B+7wt%MWCNTs 53.2 
82.1 
122 37.2 126 19.0 84 
 
 
Table 3. Variation in contact angle and surface energy for coP_A, coPA_B and their composites 
with MWCNTs. 
Material Average contact angle [°] Surface energy [mJ/m2] 
coPA_A 71.1 ± 5.61 41.19 ± 0.005 
coPA_A+1wt% MWCNTs 70.1 ± 0.88 40.62 ± 0.002 
coPA_A+2wt% MWCNTs 60.5 ± 1.88 41.65 ± 0.003 
coPA_A+3wt% MWCNTs 66.3 ± 1.24 42.17 ± 0.003 
coPA_A+4wt% MWCNTs 67.9 ± 1.52 43.01 ± 0.003 
coPA_A+5wt% MWCNTs 68.1 ± 2.01 44.86 ± 0.002 
coPA_A+6wt% MWCNTs 75.6 ± 3.38 38.29 ± 0.001 
coPA_A+7wt% MWCNTs 68.8 ± 2.75 42.47 ± 0.006 
   
coPA_B 96.9 ± 4.13 25.08 ± 0.004 
coPA_B+1wt% MWCNTs 80.7 ± 2.49 35.09 ± 0.004 
coPA_B+2wt% MWCNTs 67.5 ± 4.04 40.58 ± 0.012 
coPA_B+3wt% MWCNTs 61.5 ± 5.44 47.68 ± 0.008 
coPA_B+4wt% MWCNTs 66.6 ± 4.39 43.88 ± 0.005 
coPA_B+5wt% MWCNTs 71.7 ± 4.09 40.72 ± 0.007 
coPA_B+6wt% MWCNTs 70.3 ± 2.85 41.53 ± 0.007 
coPA_B+7wt% MWCNTs 72.3 ± 3.99 39.41 ± 0.001 
 
